Introduction
Crown gall is a chronic and resurgent disease that causes significant economic losses in nurseries and orchards. The disease causes severe annual losses to growers and nursery men worldwide in the form of unsalable nursery stock, low productivity from galled trees, and increased susceptibility of infected plants to other pathogens and to environmental stress generally 1 . Root pruning of rootstocks prior to transplanting to nursery fields is a routine practice, but it results in wounds that facilitate infection with tumorigenic agrobacteria that commonly inhabit nursery soils. Crown gall stunts mature plants by reducing root size and/or disrupting the vascular flow in the stems 2 . Crown gall is caused when the Agrobacterium species infecting the plant contains a large tumor-inducing Ti plasmid 3 . Gall formation results from the integration of a segment of Ti plasmid T-DNA , into the plant cell genome 4 . Inside the plant cell, genes in the T-DNA are expressed and lead to the synthesis when grafting and not planting in infected soils. The use of the antagonistic bacterium A. radiobacter K84 as preplanting preventive treatment has been successful for many years, and more recently, a genetically engineered derivative of K84 named K1026 has become commercially available 6 . However, these antagonists are only efficient against susceptible strains of A. tumefaciens. In spite of the success of traditional control strategies, crown gall still causes serious damage, notably in nurseries; in which the percentage of infected plants reaches 50 in some cases. Accordingly, the search for others alternatives that can be used to control the crown gall disease would be of paramount importance in the field. Researches focused on plant-derived natural bactericides and their possible applications in agriculture to control plant bacterial diseases are being intensified. These are having enormous potential to inspire and influence modern agrochemical research. EOs and organic extracts could be a source of alternative classes of natural compounds in controlling plant pathogenic microorganisms. Also, they have been suggested as effective substitutes for synthesised chemical pesticides 7 .
In previous study, Hammami et al. 8 indicated that the essential oil and extracts of Ruta montana leaves could become natural alternatives to synthetic fungicides and bactericides to control certain important plant microbial diseases. In this study, experiments carried out in plant revealed that Ruta montana essential oil was slightly effective in suppression of gall formation induced by Agrobacterium tumefaciens on bitter almond. Analysis of essential oils shows that of the different constituent compounds, terpenoids are the most abundant and are present as either hemiterpenes, monoterpenes, or sesquiterpens and as their derivatives. Many terpenes are known to be active against a wide variety of microorganisms, including gram-positive and gram-negative bacteria and fungi 9 . Toxic effects on membrane structure and function have been generally used to explain the antimicrobial action of essential oils and their monoterpenoid components. In fact, as a result of their lipophilic character, monoterpenes will preferentially partition from an aqueous phase into membrane structures. This results in membrane expansion, increased membrane fluidity and permeability, disturbance of membrane-embedded proteins, inhibition of respiration, and alteration of ion transport processes. Borges et al. 10 have described the effects of selected essential oil components on outer membrane permeability in gram-negative bacteria, evidencing that monoterpene uptake is also determined by the permeability of the outer envelope of the target microorganism. Peppermint Mentha piperita is one of the most widely consumed single ingredient herbal teas, or tisanes 11 , has been traditionally used for their antiseptic properties for the treatment of infectious diseases 12 . The leaves of M.
piperita are used in food preparation to enhance taste and appearance. However, there is no report available in the literature on the in vitro and in vivo antibacterial activity of EO of M. piperita, against phytopathogenic bacteria. In the present study: i the chemical composition of EO was determined by GC/MS ii . The antimicrobial potency of the EO of M. piperita leaves was also investigated against the plant pathogenic bacteria A. tumefaciens .
iii The antibacterial effect of EO was verified in pot experiment in order to control symptom expression of crown gall disease. To our knowledge, this is the first report describing the use of M. piperita L. EO to control crown gall disease.
Materials and Methods

Plant material
The leaves of M. piperita were collected from Sfax-Tunisia during the vegetative stage in June 2013. The collected fresh leaves were mixed. The samples were dried in the shade away from light at room temperature. After drying, the samples were ground to a fine powder used for the extraction of essential oil.
Essential oil distillation
The oil extraction was obtained from 1 kg of the air-dried plant materials M. piperita leaves by steam distillation during 3 h using a Clevenger-type apparatus. The essential oils were dried using anhydrous sodium sulphate and then stored in sterile tubes at 4 until analyses. For GC/MS analysis, the EO was solubilised in hexane.
Gas chromatography-mass spectrometry GC/MS
The analysis of the EOMP was performed on a GC/MS HP model 6980 inert MSD Agilent Technologies, J&W Scientific Products, Palo Alto, CA, USA , equipped with an Agilent Technologies capillary HP-5MS column 60 m length; 0.25 mm i.d.; 0.25 mm film thickness , and coupled to a mass selective detector MSD5973, ionization voltage 70 eV; all Agilent, Santa Clara, CA . The carrier gas was Helium and was used at 1.2 mL/min flow rate. The oven temperature program was as follows: 1 min at 100 ramped from 100 to 280 at 5 /min and 25 min at 280 . The chromatograph was equipped with a split/split less injector used in the split less mode. Identification of components was assigned by matching their mass spectra with 
Tested agrobacteria
Most agrobacteria used in this study belong to biovar 1 strains that aggregated to the genomic species determined by Popoff according to DNA-DNA studies 14, 15 2.5 Antibacterial effect of M. piperita L. EO against phytopathogenic bacteria The agar disc diffusion method was employed for the determination of antibacterial activities of the EOs in question 16, 17 . Briefly, a suspension of the tested microorganism 0.1 mL of 10 8 cells/mL was spread on the solid media plates. Filter paper discs 6 mm in diameter were soaked with 15 µL of the oil and placed on the inoculated plates and, after staying at 4 for 2 h and were incubated at 30 for 24 h. The diameters of the inhibition zones were measured in millimeters. All tests were performed in triplicate.
Determinations of minimum inhibitory concentration
MIC and minimum bactericidal concentration MBC A broth microdilution method was used to determine MIC and MBC as illustrated by Ben Hsouna et al. 18 . The EOs dissolved and prepared stock solutions in 10 dimethyl sulfoxide DMSO , were first diluted to the highest concentration 200 mg/mL to be tested, and then serial 2-fold dilutions were made in order to obtain a concentration range from 0.01 to 200 mg/mL in 2 mL sterile Eppendorf test tubes. The final concentration of each strain was adjusted to 5 10 4 CFU/mL. After staying at 4 for 2 h, plates were incubated at 30 for 24 h. The MIC is defined as the lowest concentration of the samples at which the bacterium does not demonstrate visible growth. The bacterium growth was indicated by turbidity. To determine MBC, broth was taken from each well and incubated in Mueller Hinton broth medium at 30 for 24 h. The MBC was defined as the lowest concentration of the samples at which the incubated bacterium was completely killed. Each test was performed in three replicates and repeated twice. Tetracycline was used as positive control.
2.7 Antibacterial mechanism 2.7.1 Crystal violet assay The alteration in membrane permeability was determined by crystal violet assay 19 . After incubation in MG medium at 30 for 24 h, A. tumefaciens ATCC 23308
T were harvested and washed with 0.1 M phosphate buffer solution PBS, pH 7.4 twice. The pellets were resuspended in sterile 0.9 NaCl solution and mixed with the essential oil at the concentration of 0.005, 0.01 and 0.02 mg/mL corresponding respectively to ½ MIC, MIC and 2 MIC MBC for 4 h. Cells then incubated with 10 µg/mL crystal violet in the dark for 15 min. After centrifuging, the absorbance of supernatant was determined by measuring the OD 590 nm using a UV-VIS spectrophotometer. The absorbance of crystal violet solution was considered as 100 . The crystal violet uptake was calculated using following formula: of takeup OD of the sample / OD of the crystal violet solution 100 2.7.2 Measurement of electrical conductivity
The leakage of bacterial cells was investigated by measuring the leakage of electrolytes into the incubation medium with a conductivity meter Con 6, LaMotte, Maryland, USA according to the method described by Kong et al. 19 . After incubation, the electric conductivities of A. tumefaciens ATCC 23308 T suspension was adjusted to the same level of 5 glucose as isotonic bacteria. The essential oil mixed with bacteria suspension with different concentrations corresponding to control, 0.01 and 0.02 mg/mL were measured the electric conductivities immediately, which was marked as L1. Then the conductivities of the mixtures were measured at 1, 2, 3, 4, 5, 6, 7, and 8 h marked as L2, respectively. The conductivities of boiled bacteria in 5 glucose were marked as L0. Untreated bacteria were served as the control. The relative electric conductivities were calculated using following formula: Relative conductivity L2 L1 L0 100
Effect of EO of M. piperita in suppressing crown gall disease in pot experiments
One-old-month tomato plants Cv. Riograndy were used for in vivo tests. They were grown in a greenhouse in 15-cm-diameter pots containing a sterilized mix of soilsand-peat 2:1:1 by volume and watered daily by drip-irrigation. A mineral solution NPK 20-20-20 B Cu Fe Mn Mo Zn 1-5-30-10-10-10, respectively at 2 g/L was distributed weekly into the pots to maintain optimum nutritional conditions. Temperature was maintained at 25 2 and 15 2 , respectively at day and night temperatures. The relative humidity was maintained between 70 and 80 , during the whole experiment, by using automatic cooling. Heating and drip-irrigation data were recorded by logger at 60 min intervals. 21 . The experiment was conducted three times with a completely randomised design.
Statistical analysis
Experimental results concerning this study were expressed as means standard deviation of three parallel measurements. The significance of difference was calculated by Student s test and values p 0.05 were considered significant. Correlation and regression analysis were carried out using EXCELL program Microsoft Corporation, USA .
Results
Chemical composition of EO of M. piperita L.
After hydro-distillation, 3.6 mL/kg of EO from M. piperita L. were obtained. Chemical composition of EO was identified by GC/MS analysis. The identified compounds, their percentages as well as the retention time were listed in Table 1 . EO was complex and present 26 compounds representing 98.17 of the total oil composition. The most abundant chemicals category for EO was oxygenated monoterpenes 79.50
, followed by monoterpene hydrocarbons 16.23 and sesquiterpene hydrocarbons 2.44
. The major components of EO were menthol were confirmed in vivo tests. In fact, A. tumefaciens symptoms were totally absent after treatments with the doses 200 and 250 mg/mL 0.8 and 1 g EO . However, the doses 100 and 150 mg/mL 0.40 and 0.60 g EO were inefficient for the control of crown gall disease Table 3 . Analy- sis of variance of the average weight of tumors from all experiments Student s t test showed highly significant differences p 0.001 between treatment with peppermint EO at 200 and 250 mg/mL 0.8 and 1 g EO and the control untreated. Treatment with EO at 100 or 150 mg/mL 0.40 and 0.60 g EO produced a significant decrease in the weight of tumors p 0.05 compared to untreated control. No significant differences were found between treatment with EO at concentration of 200 or 250 mg/mL 0.8 and 1 g EO .
Crystal violet study
Several previous reports mentioned the antimicrobial activity and antimicrobial mechanism of essential oils. Toxic effects on membrane structure and function are generally used to explain the antimicrobial activity of EOs. A significant enhancement in the uptake of crystal violet was observed in Fig. 1 , the uptake of crystal violet of A. tumefaciens ATCC 23308
T was 23 in the absence of essential oil, increased its signal to 94 after essential oil treatment at 0.02 mg/mL.
Relative electrical conductivity study
The measurement of the relative electric conductivity was used to confirm the antibacterial mechanism of EO against A. tumefaciens ATCC 23308 T . Figure 2 showed the effect of EO on the permeability of the cell membrane. The relative electric conductivity varied among various treatments; control exhibited the lowest values whereas 0.02 mg/mL remained the greatest value.
Discussion
The obtained results are in accordance with previous studies of EO characterized by menthone and menthol as the most important components. It has been found that EO from Barcelona Spain contains 58.83 of menthone and 19.10 of menthol 22 ; EO from Norway contains 43.00-54.00 menthol and 12.00-30.00 menthone 23 and concerning the EO from Poland, the main compounds were menthol at 36.00 and menthone at 21.24 24 . In other reports regarding the same species, the major components were menthone 29.01 followed by menthol 5.58 and menthyl acetate 3.34 25 . . The inhibitory action of the EO could be attributed to the occurrence of high proportions of monoterpenes and sesquiterpenes in the oil as indicated by the study of Cakir et al. 26 and Ben Hsouna et al. 27 due to their different chemical composition. Antimicrobial properties of action might be related to these compounds, which have a high potential in strongly inhibiting microorganism pathogens 28, 29 .
It has been reported by Ben Hsouna et al. 18 that the oxygenated monoterpenes family is well known by its antibacterial activities and particularly the two compounds isomenthone and menthol 30, 31 . In our case, these two compounds represent a high level 66.59 of the EOMP composition. Thus, the synergistic effects, and the diversity The bactericidal activity of these vegetal EO gives new opportunities to improve control against different tomato bacterial diseases that cause losses both at seedling stage and in mature plants, and, in particular, in organic agriculture. These extracts are also suggested for preventive control of the diseases caused by the above pathogens. Studies are in progress in open fields to evaluate any effect of these natural substances on tomato plant development and on qualitative and quantitative tomato fruit production. The inhibitory action of the EO could be attributed to hydrophobic nature of EOs that allows them to penetrate microbial cells and cause alterations in its structure and functionality as indicated by the study of Yong et al. 32 .
The results in this study showed that the relative electric conductivity of A. tumefaciens ATCC 23308 T increased rapidly with the increasing treatment time and concentration of EO, which meant that the permeability of bacteria membrane would increase correspondingly, then cause the leakage of electrolytes and lead to cell death. EOs could form like channels through membrane by pushing it, apart phospholipids fatty acid chains, allowing ions to leave the cytoplasm, as reported by Burt 33 . Based on these results, we concluded that the increase of cell wall/membrane permeabilization could be related with the hydrophobicity of the EO.
In conclusion, our findings suggest that the EO of M. piperita L. represent a potential source of compounds effective against A. tumefaciens and exhibited high inhibitory potency against the tested phytopathogens. The antibacterial mechanism of EO is the disruption of the cell membrane, which changes the cell membrane permeability, and leads to the release of some cellular components. These changes resulted in disorder, decomposition, and death of A. tumefaciens. The chemical composition of the EO of M. piperita L. from Tunisia seemed to be comparable with the same species cultivated in other countries. These differences could be due to climatic conditions. These findings clearly demonstrated that M. piperita L. EO could be used as natural compounds to control plant pathogenic bacteria causing several losses in important crops, vegetable and fruit plant. Fractionation and characterization of these active compounds will be the future work to investigate.
